Whirlin is a gene responsible for Usher syndrome type II (USH2) and congenital deafness. In photoreceptors, it organizes a protein complex through binding to proteins encoded by other USH2 genes, usherin (USH2A) and G-protein-coupled receptor 98 (GPR98). Recently, Ca v 1.3a 1 (a 1D ) has been discovered to interact with whirlin in vitro and these two proteins are localized to the same subcellular compartments in photoreceptors. Accordingly, it is proposed that Ca v 1.3a 1 is in the USH2 protein complex and that the USH2 protein complex is involved in regulating Ca 2+ in photoreceptors. To test this hypothesis, we investigated the interdependence of Ca v 1.3a 1 and whirlin expression in photoreceptors. We found that lack of Ca v 1.3a 1 did not change the whirlin distribution or expression level in photoreceptors. In the retina, several Ca v 1.3a 1 splice variants were found at the RNA level. Among them, the whirlin-interacting Ca v 1.3a 1 long variant had no change in its protein expression level in the absence of whirlin. The localization of Ca v 1.3a 1 in photoreceptors, published previously, cannot be confirmed. Therefore, the mutual independence of whirlin and Ca v 1.3a 1 expressions in photoreceptors suggests that Ca v 1.3a 1 may not be a key member of the USH2 protein complex at the periciliary membrane complex.
Introduction
Usher syndrome is the most common genetic cause of combined vision and hearing loss (Boughman, Vernon, & Shaver, 1983; Hartong, Berson, & Dryja, 2006; Keats & Corey, 1999) . Among its three clinical types, type II (USH2) accounts for more than 50% of all Usher cases (Grondahl, 1987; Hope et al., 1997; Rosenberg et al., 1997; Spandau & Rohrschneider, 2002) . It manifests as retinitis pigmentosa, congenital moderate hearing loss, and absence of balance problems. The causative USH2 genes, identified so far, are usherin (USH2A), G protein-coupled receptor 98 (GPR98), and whirlin (Ebermann et al., 2006; Eudy et al., 1998; Weston et al., 2004) . The proteins, encoded by these genes, are colocalized at the periciliary membrane complex (PMC) in photoreceptors Yang et al., 2010) . They are interdependent for their normal localization and expression level in these cells (van Wijk et al., 2006; Yang et al., 2010) . Therefore, USH2 proteins are believed to form a complex in vivo and defects in this complex are the primary cause underlying the USH2 pathogenesis. However, the biological function of this complex is not completely understood.
Whirlin has multiple PDZ (postsynaptic density 95; disks large; Zonula occludens-1) domains and a PR (proline-rich) region. These two functional modules are thought to be involved in protein-protein interactions. It has been shown that whirlin binds to the PDZbinding motif (PBM) at the C-terminus of both USH2A and GPR98 (Adato et al., 2005; van Wijk et al., 2006; Yang et al., 2010) . In the absence of whirlin, USH2A and GPR98 are mislocalized and their expression levels are reduced by 70-80% (Yang et al., 2010; Zou et al., 2011) . Delivery of the whirlin cDNA back into the whirlin knockout photoreceptor can rescue these USH2A and GPR98 defects (Zou et al., 2011) . Therefore, whirlin plays a role in the assembly of the USH2 protein complex. Lately, espin has been identified as a whirlin-interacting protein in both photoreceptors and hair cells . In these cells, whirlin modulates the actin-regulatory function of espin. Consequently, the USH2 complex is now thought to participate in organizing the actin filament network in vivo.
Ca v 1 voltage-gated Ca 2+ channels mediate the dihydropyridinesensitive L-type Ca 2+ currents in response to the depolarization of the membrane potential in electrically excitable cells (Lipscombe, Pan, & Gray, 2002; Striessnig, Bolz, & Koschak, 2010; Striessnig & Koschak, 2008 (Baig et al., 2011) . Its protein was reported to interact with whirlin in vitro and localized to the cellular compartments similar to those of whirlin in photoreceptors (Kersten et al., 2010) . Moreover, harmonin, a homolog of whirlin and a product of the USH1C gene, associates with Ca v 1.3a 1 and limit the availability of Ca v 1.3 Ca 2+ channels at the presynaptic membrane through a ubiquitin-dependent pathway in mouse auditory inner hair cells (Gregory et al., 2011) . In both cases, the PDZ domains of whirlin and harmonin bind to the PBM at the distal Ca v 1.3a 1 C-terminus. Based on these findings, it has been proposed that whirlin contributes to the targeting/anchoring of the Ca v 1.3 channel through interacting with its a 1 subunit and that Ca v 1.3a 1 is a novel component of the USH2 complex at the PMC in photoreceptors (Kersten et al., 2010 ). Here, we tested these hypotheses by investigating the relationship between Ca v 1.3a 1 and whirlin expression using whirlin and Ca v 1.3a 1 mutant mice. Our results demonstrate that the expression of Ca v 1.3a 1 and whirlin is mutually independent in the photoreceptor.
Methods

Antibodies and animals
The polyclonal rabbit whirlin, rabbit Ca v 1.3a 1 , and chicken rootletin antibodies were described previously (Gregory et al., 2011; Yang et al., 2002 Yang et al., , 2010 Zou et al., 2011 ) and Ca v 1.3a 1 (Cacna1d tm1Jst ) mutant mice were described previously (Platzer et al., 2000; Yang et al., 2010) . Both have a mixed genetic background of C57BL6 and 129Sv. Their genotypes were confirmed by PCR (Table 1 ). Mice at an age between 2 and 4 months were maintained on a 12-h light, 12-h dark cycle and provided with standard laboratory chow and water ad libitum. All experiments involving animals were approved by the Institutional Animal Care and Use Committee at the University of Utah.
RNA isolation and RT-PCR
Total RNA was isolated from the mouse retina using the TRIzol Reagent (Invitrogen, Carlsbad, CA). RT (ThermoScript™ T-PCR system, Invitrogen, Carlsbad, CA) and PCR (expand long template PCR system, Roche Diagnostics, Indianapolis, IN) reactions were performed according to the manufacturers' instructions. The RT-PCR products were subjected to agarose gel electrophoresis and ethidium bromide staining. When necessary, the DNA band was cut from the agarose gel, eluted, and sent out for sequencing.
Western blotting
Two retinas from one mouse were homogenized in 100 ll of the RadioImmune Precipitation Assay (RIPA) buffer and cleared by centrifugation at 18,000g for 10 min. The supernatants were either boiled for 10 min (whirlin signal) or incubated at room temperature for 30 min (Ca v 1.3a 1 signal) with the Laemmli buffer, separated by SDS-PAGE, and transferred to a PVDF membrane. The PVDF membrane was sequentially subjected to blocking for 1 h, primary antibody incubation overnight at 4°C and secondary antibody incubation for 1 h. The dilution ratios were 1:1000 for our Ca v 1.3a 1 antibody, 1:5000 for the whirlin antibody, and 1:3000 for the actin antibody. Detection of the protein bands was performed using the chemiluminescent substrate and by either exposure to X-ray films or imaging with a FluorChem Q machine (Proteinsimple, Santa Clara, CA). The intensities of unsaturated protein bands were measured using ImageJ and normalized by the actin signals in the same lanes. The normalized values were then converted to folds of wild-type using the average of the wild-types on the same blot. Student's t-tests were conducted to compare the values between different groups. A p value of less than 0.05 was considered to indicate a significant difference.
Immunofluorescent staining
Enucleated mouse eyes were frozen immediately on dry ice and sectioned at 10 lm using a cryostat. The retinal sections were fixed in 2% formaldehyde/PBS for 10 min and permeabilized by 0.2% Triton X-100/PBS for 5 min. Occasionally, they were fixed in 100% methanol for 30 min at À20°C for immunostaining of Ca v 1.3a 1 . The fixed retinal sections were then blocked in 5% goat serum/ PBS for 1 h, incubated with primary antibodies in 5% goat serum/ PBS at an appropriate dilution ratio at 4°C overnight, washed several times with PBS, and then incubated with the Alexa fluorochrome-conjugated secondary antibodies in 5% goat serum/PBS for 1 h. The dilution ratios were 1:500 for our Ca v 1.3a 1 antibody, 1:150 for the Sigma and Alomone Ca v 1.3a 1 antibodies, 1:1000 for the acetylated a-tubulin antibody, and 1:4000 for the whirlin and rootletin antibodies. For double staining of Ca v 1.3a 1 and whirlin, the procedure was modified as follows. The retinal sections were first stained with the rabbit Ca v 1.3a 1 antibody (Sigma) and Alexa Fluor Ò 594 goat anti-rabbit secondary antibody as described above. Then, they were incubated with 0.45 mg/ml non-immune rabbit immunoglobulin (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 2 h, washed with PBS, incubated with biotin-labeled rabbit whirlin antibody in 5% goat serum/PBS overnight at 4°C, washed with PBS, and finally incubated with Alexa Fluor Ò 488-streptavindin in 5% goat serum/PBS for 1 h. For other double staining in this study, primary antibodies from different species were used. Alexa Fluor Ò 488 and 594 secondary antibodies were followed. The stained sections were viewed and photographed on an epi-fluorescence microscope (IX51, Olympus, Tokyo, We investigated the requirement of Ca v 1.3a 1 for whirlin distribution in photoreceptors, considering that normal whirlin expression is an indicator of the integrity of the USH2 complex based on our previous study (Yang et al., 2010) . At a low magnification, the same signal pattern of whirlin, tiny dots between the inner and outer segment, was seen in wild-type and Ca v 1:3a À=À 1 retinas ( Fig. 1A and B) . Consistent with our previous reports (Yang et al., 2010 Zou et al., 2011) , whirlin was absent at the photoreceptor synapse. To further examine the whirlin localization at a high resolution, double immunostaining of whirlin with either acetylated a-tubulin or rootletin was performed, and the signals were captured using confocal laser scanning microscopy. Acetylated a-tubulin labels the axonemal microtubules projecting upward from the apex of the connecting cilium, while rootletin marks the rootlet originating from the basal bodies at the base of the connecting cilium and extending throughout the inner segment (Fig. 1A) . In wild-type photoreceptors, whirlin signals were localized obliquely beneath the axonemal microtubule (Fig. 1C) and immediately above the rootlet (Fig. 1D) . The localization of whirlin signals relative to the axonemal microtubule and the rootlet in the Ca v 1:3a À=À 1 retina was similar to that in the wild-type retina ( Fig. 1C and D) .
3.2. Ca v 1.3a 1 is dispensable for maintaining the whirlin expression level in the retina Western blotting analysis was carried out to compare the expression level of whirlin in the wild-type and Ca v 1:3a À=À 1 retinas. As shown previously (Yang et al., 2010 Zou et al., 2011) , the whirlin specific band was at about 100 kDa ( Fig. 2A) . Other bands were non-specific, because they were present in both wild-type and whirlin deficient retinas. The whirlin bands displayed no significant difference in their signal intensity between the wild-type and Ca v 1:3a 
Ca v 1.3a 1 long variant is expressed in the retina
Ca v 1.3a 1 has four repeating domains, an EF hand domain, an IQ domain, a PCRD (proximal C-terminal regulatory domain), a CTM (C-terminal modulator) and a PBM (Fig. 3A) (Singh et al., 2008) . Each of the repeating domains has six transmembrane segments, S1-S6. Segments S1-S4 form a structure functioning as a voltage sensor. Segments S5-S6 are involved in forming the channel pore. Ca v 1.3a 1 has sequence variations mainly occurring in four regions, the segment S6 of repeat I, the intracellular loop between repeats I and II, the segments S3-S4 of repeat IV, and the cytoplasmic C-terminal tail (red lines and arrows in Fig. 3A ) (Hui et al., 1991; Ihara et al., 1995; Koschak et al., 2001; Safa, Boulter, & Hales, 2001; Shen et al., 2006; Singh et al., 2008; Williams et al., 1992) . At the cytoplasmic C-terminal tail, the alternative use of exon 40A (Ca v 1.3a 1 40A) (Singh et al., 2008) or the splice acceptor site in exon 39 (Ca v 1.3a 1 IQD) (Shen et al., 2006) (Fig. 3B ) causes premature protein truncations immediately after or before the IQ domain, respectively. These truncations lead to loss of the PBM, the domain involved in the interaction with whirlin (Kersten et al., 2010) . To examine the existence of the Ca v 1.3a 1 long variant, the one with the complete C-terminal tail, in the retina, we performed RT-PCR using primers shown in Fig. 3B . We discovered a new Ca v 1.3a 1 variant (Ca v 1.3a 1 41s), which was recently reported by two other groups (Bock et al., 2011; Tan et al., 2011) . This variant is generated through the use of an alternative splice acceptor site in exon 41 and lacks the 5 0 154 bp of this exon. Its protein translation is frame-shifted with an addition of 14 unrelated amino acids before a stop codon (Fig. 3A and B) . Additionally, we found the long and Ca v 1.3a 1 40A variants, but not the Ca v 1.3a 1 IQD variant, in the mouse retina (Fig. 3B) .
Loss of whirlin does not change the protein expression level of the Ca v 1.3a 1 long variant in the retina
Western blotting analysis using the Ca v 1.3a 1 antibody, generated against a peptide from amino acids 1-22 of rat Ca v 1.3a 1 , detected a protein band at about 260 kDa in the wild-type retina (Fig. 4A) . The size of this band was close to the predicted molecular weight of the Ca v 1.3a 1 long variant. The specificity of this antibody was verified using the Ca v 1:3a À=À 1 mouse. To determine whether whirlin was necessary for normal expression of Ca v 1.3a 1 , we compared Ca v 1.3a 1 western blot signals between wild-type and whirlin deficient (Whrn tm1Tili ) retinas. We took the retinal samples from both sets of mice at the same time of day, because expression of Ca v 1.3a 1 may change during the circadian cycle (Ko et al., 2007) . Statistical analyses using the Student's t-test showed no significant differences in the signal intensity of the Ca v 1.3a 1 long variant between the whirlin deficient and wild-type mice (p = 1, Fig. 4A and B). Therefore, the expression level of Ca v 1.3a 1 long variant in the retina is independent of whirlin or the integrity of the USH2 complex.
3.5. The localization of Ca v 1.3a 1 around the PMC in photoreceptors cannot be established
In the wild-type retina, strong immunostaining signals of the Sigma Ca v 1.3a 1 antibody were detected at the outer plexiform layer and outer limiting membrane (Fig. 5A, upper row) . At a high magnification, a weak signal from the same antibody was obvious between the outer and inner segments in photoreceptors. Double immunostaining localized this weak signal immediately beneath whirlin around the PMC (Fig. 5A , middle and lower rows), below the axonemal microtubule (acetylated a-tubulin signals, data not shown), and above the rootlet (rootletin signals, data not shown). However, the same signal pattern, especially, the same weak signal between the outer and inner segments, was also observed in the Ca v 1:3a À=À 1 retina (Fig. 5A, upper and middle rows) . These data indicate that the immunostaining signal around the PMC detected by the Sigma Ca v 1.3a 1 antibody is non-specific. Furthermore, immunostaining of Ca v 1.3a 1 using our and commercial (Alomone, Millipore, Neuromab) antibodies was conducted under two different fixation conditions, brief 2% formaldehyde incubation for 10 min at room temperature and methanol incubation for 30 min at À20°C. Compared with the signal pattern in the Ca v 1:3a À=À 1 retina, no specific signals were detected in the retina (Fig. 5B and data  not shown) . Therefore, the localization of Ca v 1.3a 1 in the whirlin knockout retina was not examined.
Discussion
We demonstrate that Ca v 1.3a 1 is not critical for the expression level and localization of whirlin and, thus, the integrity of the USH2 protein complex at the PMC in photoreceptors. In the retina, the Ca v 1.3a 1 long splice variant, which has the whirlin-interacting PBM domain, is expressed, and its protein expression level does not rely on the integrity of the USH2 protein complex. This mutual independence of Ca v 1.3a 1 and the USH2 complex in photoreceptors suggests that the normal function of the USH2 protein complex does not directly involve the Ca v 1.3 channel and that defects in the Ca v 1.3 channel are not a main contributor in the USH2 disease mechanism. The Ca v 1.3a 1 mutant mouse used in this study has a neomycin resistance cassette inserted into exon 2 of the Ca v 1.3a 1 gene (Platzer et al., 2000) . This insertion leads to complete loss of the Ca v 1.3a 1 protein expression and absence of L-type Ca 2+ current in inner hair cells. Therefore, this mutant mouse is considered as a complete Ca v 1.3a 1 null mouse and a valid negative control for testing the specificity of various Ca v 1.3a 1 antibodies. Using the Ca v 1.3a 1 antibody from the same commercial source, we detected a signal pattern similar to that in the previous report (Kersten et al., 2010) . However, we found the same signal pattern around the PMC in both the wild-type and Ca v 1.3a 1 null retinas (Fig. 5A) , indicating that the signals detected by this Ca v 1.3a 1 antibody are probably non-specific. Therefore, the localization of Ca v 1.3a 1 around the PMC in photoreceptors requires a further examination.
The specificity of our Ca v 1.3a 1 antibody was shown by western analysis in previous (Calin-Jageman et al., 2007) and present work (Fig. 4A) . This antibody and the antibody from Alomone were also specific for immunostaining of Ca v 1.3a 1 in mouse inner hair cells (Brandt, Khimich, & Moser, 2005; Gregory et al., 2011) . However, these antibodies did not detect any specific Ca v 1.3a 1 signals in photoreceptors, nor did other commercial antibodies we have tried. These results suggest that Ca v 1.3a 1 may have a relatively even distribution in photoreceptors, in contrast with its highly enriched distribution at the synapse in inner hair cells. Although we presently still do not know whether Ca v 1.3a 1 is mislocalized in the whirlin knockout photoreceptors, its normal protein expression level in the retina in the absence of whirlin suggests that its localization is probably normal. ) was used as a negative control. Actin signals on the same blot are shown in the bottom and used as a sample loading control. (B) Quantitative analysis of Ca v 1.3a 1 signals from the wild-type and whirlin deficient retinas on the western blot using our Ca v 1.3a 1 antibody. The mean of the normalized Ca v 1.3a 1 signals in the wild-type retina was defined as 1. The numbers at the bottom of each bar are the numbers of animals examined in each group. Error bars, the standard error of the mean.
In cochlear inner hair cells, the interaction between harmonin and Ca v 1.3a 1 is required for the synaptic localization of harmonin as well as cell surface localization and ubiquitination of Ca v 1.3a 1 (Gregory et al., 2011) . In hippocampal neurons, the PBM of Ca v 1.3a 1 binds to the PDZ domains of Shank, and this interaction is responsible for targeting Ca v 1.3a 1 to the synapse (Zhang et al., 2005) . Therefore, in photoreceptors, the PBM of the Ca v 1.3a 1 long variant may bind to a protein with PDZ domains for its normal targeting/tethering at the plasma membrane. Loss of this protein could result in mislocalization and unstable expression of Ca v 1.3a 1 . Whirlin in the USH2 complex was previously thought to be a good candidate (Kersten et al., 2010) . Here we showed that Ca v 1.3a 1 and whirlin are independent for their normal expressions. Therefore, the normal targeting/tethering of the Ca v 1.3 channel may require a mechanism unrelated to the USH2 complex. In the inner hair cells, Ca v 1.3a 1 is present at the synapse at the base (Brandt, Khimich, & Moser, 2005; Gregory et al., 2011) , while whirlin is at the tip and the ankle-link of the stereocilia at the apex (Belyantseva et al., 2005; Delprat et al., 2005; Kikkawa et al., 2005) . Their localization at these two extreme opposite ends in inner hair cells suggests that they may not have a chance to directly interact. Therefore, our data, together with the findings in the inner hair cells, do not support the hypothesis that Ca v 1.3a 1 is a key member of the USH2 protein complex in vivo.
